Magnetic Resonance Imaging (MRI) could be of high importance for imaging the foetal heart, especially to diagnose anomalies of the heart and the great vessels. While in the imaging of adult hearts MR triggering can be done through Electro-Cardiogram (ECG) or finger pulse oximetry (POX), these methods cannot apply because the foetus lies within the uterus. The aim of this project was to demonstrate the feasibility of non-invasive triggering of the MR by the foetal heart beat using Doppler Ultrasound. An artefact-free Doppler transducer was used to pick up the heart motion signals. An algorithm was developed which allowed triggering of the MR system. In an animal study, successful imaging of the foetal sheep heart was performed on 9 pregnant ewes at a 1.5T scanner. With dedicated software, MR cine sequences of the foetal heart beat and standard two-and four chamber images of the structures of the hearts of 124 days old foetuses could be recorded with a good resolution.
Introduction
While Ultrasound Imaging is the gold standard of foetal imaging, MR could enhance the visibility of critical structures and thus support the early diagnosis of anomalies of the heart and the great vessels, which may then allow for pre-natal interventions [1] . But there are a lot of technical problems. In the adult, non-invasive MR data acquisition synchronized with the cardiac cycle is usually done with electro-cardiogram (ECG) or finger pulse oximetry (POX) triggering/gating techniques during measurements. Since the foetal heart lies within the uterus, its electrical signals or optical changes of the flowing blood cannot be accessed non-invasively. In 2009, researchers from the university hospital Hamburg-Eppendorf demonstrated the potential of MR to deliver images of sheep foetus hearts with a good image quality, but at that time invasive methods to gain a pulse trigger were necessary [1, 2] . Quantitative heart parameters like the thickness of atrial wall, septum and myocardial wall thickness as well as flow parameters could be measured. The next major task was the development of a noninvasive method for MR triggering, which is the aim of this study.
Aims of the project
1. Assessment of the feasibility of Doppler ultrasound triggered MRI of the heart, both in adult and foetal sheep 2. Identification of possible body sites to pick up an optimum ultrasound flow signal for triggering 3. Development of reliable solutions for the extraction of pulse related trigger signals from the MR noise background 2 Materials and methods
Transducer for non-invasive Doppler ultrasound in the MR environment
The standard method of continuously monitoring the foetal heart beat is Doppler ultrasound. The transducer (HP 15245A) of a standard CTG device (HP8040-A, Hewlett Packard, Palo Alto, USA) was modified to allow for the use inside a MR scanner without disturbing the magnetic field [3] . This was achieved by replacing all ferroelectric materials of the transducer, its cables and its housing by other conducting material, e.g. copper or silver wires and shielding. The success of these measures was confirmed by MR scans of the transducer on a water phantom, which suffered only minimal from artefacts [1] . The Doppler transducer was coupled to the electronics box of the CTG, which was placed outside the MR magnet chamber to reduce RF interference, by an unusually long (10 m) cable, which was shielded with copper foil and a double-coaxial copper jacket. The presence of all conducting materials inside the range of the 64 MHz RF pulse fields, which have an orientation transverse to the main, static magnetic field, needs careful attention to avoid hazards to the patients. In particular, the cables inside the MR tunnel should be positioned in parallel to the main magnetic axis and loops have to be completely avoided, as well as cable dimensions which could get in resonance with the RF frequency. Outside the MR coil tunnel, ferromagnetic RF damping beads (Conrad) around the cable were used to avoid resonant cable dimensions. Additionally, a direct contact between the animal's skin and the cable was prevented by placing insulating, heat-resistant plastic cushions between the sheep and the cable.
Doppler signal processing
In the electronics box, the received ultrasound signals are processed by an analog stage, followed by a digital signal processor, which extracts the foetal heart rate by correlation technique. Due to delays in the signal processing, the output signal of this digital stage (which is presented by a numeric heart rate display and a blinking light after each stroke), has a delay in the order of several hundred microseconds after the actual heart beat (E.g. the R-wave peak). Furthermore, during the running MR sequences, processing usually was completely blocked by the interfering electrical noise of the MR RF and gradient pulses. As the optical output of the lamp could not be used for reliable trigger generation, the output signal behind the analog stage, which is a DC pulse proportional to the Doppler frequency shift, was extracted and fed into the sound card of a single core laptop computer running at 1,7 GHz. In order allow optimal adaptation of the signal processing algorithm to the signal and the noise signatures of the input signal, the software is designed in a modular fashion. Beside the controls for sound input and amplitude (0..5V), shape (rectangular, sinc) and optional delay (0..1s) of the trigger signals from the output of the soundcard, 6 different algorithms can be selected. Each algorithm was implemented as a stand-alone software object, with predefined data structures for the communication to the user interface routines and input data. The raw input signals can be stored together with the time signatures of the detected triggers for further analysis and documentation of the scans. The implemented algorithms include simple threshold based trigger methods and more sophisticated methods employing correlation, wavelet and frequency domain analysis. As the processing time may vary depending on data field size, complexity of the algorithm and the speed of the CPU, the turn-around time from signal input to trigger output for each detected heart beat is displayed.
User interface
The signal processing software was developed in MatLab™, using the GUI design "guide" tool. It was arranged in a window, which contained displays of the incoming (real time) signals, the actual signal part to be analyzed, the detected heart rate, and controls for the processing, which can be changed online by mouse action or numeric input (Image 1).
Hardware interface to the MR
The sound card output was coupled to the ECG trigger input of the MR system using a custom made opto-coupler, i.e red light LED and photo transistor, spaced ca. 10 mm apart in a sealed case to avoid ground loops and other causes of excess noise. An operational amplifier circuit with 9V battery supply converts the photo transistor current into an appropriate current output for one channel of the MR ECG input lines. To prevent spurious patient currents, if the patient should inadvertently come into contact with electrically conducting parts of the CTG transducer or cable, both the laptop and the CTG electronics were decoupled from the MR mains supply by an insulating transformer approved for medical use.
Image 1: Software user interface. Upper graph: Realtime input signal; lower graph: display of the actually analyzed signal part; lower left: heart rate display; center: selection menu of signal processing algorithms and respective controls (depending on the algorithm)
MR system setup
MR scanning was performed on a 1,5T Achieva wholebody MR system (Philips Medical Systems, Best, Netherlands). Initial T2-weighted turbo-spin-echo (T2 TSE) sequences for were used for general anatomical orientation. With the T2 TSE sequence a pseudo two chamber and a pseudo four chamber view of the foetal heart were acquired to get a first impression of the morphology and the localization of the organ. This was followed by a sensitivity encoding (SENSE) Cine-MRI sequence with an acquisition time of 54 seconds with breath hold of the maternal sheep in short axis of the foetal heart. Herewith cardiac triggered cine MRI sequences with steady state free precession (SSFP) of the foetal heart in short axis view, two, four and three chamber view were obtained.
Results

Doppler signal recording
One sheep had to be excluded from the study (Which was approved by the hospital authorities) because of twin pregnancy. Eight anesthetized pregnant ewes were scanned twice with one week pause between the scans, when the foetuses had reached an age of ca. 124 days. Positioning of the ultrasound transducer was performed by an obstetrician. The optimum position of the U/S transducer was identified before the MR coils were placed on the mother sheep. Special care was needed not to dislocate the U/S transducer afterwards when the coils were strapped into position. The hearts of the foetuses sometimes were hidden behind strongly sound reflecting structures (e.g. intestines) of the mother sheep. At the age of 124 days, all foetus hearts could be located and triggered.
Doppler triggering
Although the cables were shielded and the CTG electronics was outside the MR magnet chamber, the input signals from the transducer were still contaminated by electronic noise. This resulted in automatic attenuation of the CTG input circuit. Nevertheless, heart beat signals could still be identified by their relatively steep rise as compared to the random nature of the electronic noise. Triggering was usually erroneous during MR sequences which had pauses close to natural heart beat intervals and tended to lock in to the MR signals. In contrast the higher repeat rate of the cine sequences resulted in a comparably constant noise floor, which differed more notably from the heart beat signals. Due to the noise-induced automatic attenuation of the input signals, and sometimes also due to slight displacement of the U/S transducer over time, the amplitudes of the heart beat signals were not stable enough to enable constant triggering, when using simple threshold algorithms. Consequently, a novel algorithm was developed which proved stable and allowed the constant detection of heart beats even when the signal amplitudes faded. At present, some individual manual control of the amplitude and time parameters is still required, but with further algorithmic optimization these adjustments could be automated in future versions. Another issue in some scans was the observation that the Doppler signals produced double peaks per single heartbeat. In these cases, the trigger signal sometimes locked on the second peak, which would cause an additional delay of some ten milliseconds. If this phenomenon occurred during one cine series, some motion artifacts occurred.
Observations during the sheep experiments
For further comparison and validation of Doppler triggered images, an additional set of images from the adult mother sheep hearts were obtained both with Doppler and ECG triggering.
There was no need to interrupt an examination due to maternal or foetal reasons. One subject was excluded because of a twin pregnancy. In the first two examinations the foetal heart could not be detected with the CTG transducer. But with foetuses of the age of 124 days good and stable signals for up to two hours could always be obtained. No heating of the transducer or the sheep was observed.
Image 2: Four chamber view (left) and short axis view (right) of the foetal heart acquired with Doppler triggering Image 3: Acquisition of the heart contraction by Doppler U/S triggered cine MRI sequences with steady-state free precession (SSFP)
Discussion
The animal study demonstrated the high potential of Doppler ultrasound to trigger MR sequences by the heartbeat of foetuses but also adult ewes. The developed algorithm proved promising results and worked reliably in all experiments, as soon as audible Doppler signals could be acquired. Still further optimization will be required to reduce the need for manual adjustments during scanning. The reported "double-peak" trigger ambiguity, which can cause motion artifacts, needs also be addressed in future software versions. Also further refinement of the algorithm is required for MR sequences with pauses in the range of the expected heart rates. The typical turn-around time between signal input and resulting trigger output was an additional 150..180ms. Thus Doppler Triggered MR sequences can be picked up at maximum heart rates of >240 per minute, which should be sufficient for most cases. The anatomical situation in the animal experiments turned out to be more complicated than might be expected in humans. Therefore, for the use of the Doppler U/S method in human foetal heart scans, less problems of probe positioning and maintaining of the positions may be assumed. Also it should be possible to receive proper trigger signals even at an earlier foetus age. For the use in adult heart scanning, a range of possible sites to derive stable Doppler signals from the human body was studied [4] . As expected, all of these signals have different, but site-specific delays to the R-peak of the ECG, ca. 160 ms for the carotid artery and 350 ms for the tibial. This holds also for the Doppler signals from foetal hearts. The reason is, that the contraction of the heart muscles, which then cause the major Doppler frequency shifts, are triggered by the R-wave and thus follow with a time delay of some tens of milliseconds. This time delay needs to be taken into account when adjusting the MR ECG triggering parameters. ECG triggering of the adult heart gets difficult at higher MR field strengths, such as 3 Tesla, because an increase of the artifact sensitivity of ECG recordings is observed [1, 2] . Additionally, due to the direct electrical contact of ECG components to the patient, there is a significant risk of high voltage induction in the ECG hardware and skin burns of patients. Therefore Doppler U/S triggering could also be advantageous in adults.
In conclusion, Doppler ultrasound triggering is a promising method for the recording of triggered heart images in situations, which are not yet covered by common standard methods like ECG.
